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•  We  prepared  CoFe204  flower-like 
microspheres  via  a  AA-assisted 
method. 

•  The  microspheres  are  assembled  by 
numerous  porous  and  inter¬ 
connected  lamella  structures. 

•  The  electrode  shows  high  capacity, 
good  cycle  stability  and  enhanced 
rate  performance. 
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CoFe204  flower-like  microspheres  are  prepared  via  a  surfactant-  and  template-free  method,  involving  the 
controlled  hytrothermal  synthesis  firstly  and  a  subsequent  thermal  decomposition  treatment.  The  mi¬ 
crospheres  with  diameters  of  3—4  pm  are  characterized  by  the  assembly  of  numerous  porous  and  inter¬ 
connected  lamella  structures.  Lithium-ion  batteries  electrodes  based  on  the  as-prepared  CoFe204  mi¬ 
crospheres  show  a  high  specific  capacity  of  733.5  mAh  g-1  after  50  cycles  at  a  current  density  of 
200  mA  g-1  and  a  good  cyclic  stability,  as  well  as  excellent  rate  capability.  The  enhanced  electrochemical 
performance  can  be  attributed  to  the  hierarchical  microsphere  structure  with  high  sufficient  interfacial 
contact  area  between  the  microspheres  and  electrolyte,  the  short  diffusion  distance  of  Li+,  better  ac¬ 
commodation  of  structural  stress  and  volume  change  with  the  lithiation/delithiation  process.  It  is  sug¬ 
gested  that  the  CoFe204  microsphere  is  one  of  the  most  promising  candidates  for  high-performance 
lithium-ion  batteries. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nowadays,  with  the  rapid  depletion  of  traditional  fossil  fuels 
and  continually  worsened  environmental  pollution,  there  is  a 
greatly  increased  demand  for  clean  and  efficient  energy  storage 
devices  [1].  The  lithium-ion  battery  (LIB)  is  one  of  the  most 
promising  energy  storage  devices  owing  to  its  long  cyclic  life,  high 
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energy  density  and  environmental  compatibility  [2-9].  So  as  to 
meet  the  increasing  need  for  LIBs  with  higher  power  and  energy 
densities,  researchers  have  paid  enormous  effort  in  devoting  new 
electrode  materials  and  designing  novel  nanostructures.  Transition 
metal  oxides  as  anode  materials  in  LIBs,  compared  with  commercial 
graphite  (theoretical  capacity  372  mAh  g-1),  can  deliver  reversible 
lithium  storage  capacity  of  2—3  times  higher  than  that  of  com¬ 
mercial  graphite  10-16].  Among  these  oxides,  the  ternary  spinel- 
type  oxides  have  shown  good  capacity  values  on  cycling  [17-21]. 
In  particular,  the  ferrite  CoFe204  is  promising  high  capacity  anode 
material  of  916  mAh  g_1  (8  mol  Li  per  mol  CoFe204  can  be  involved 
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Fig.  1.  XRD  pattern  of  CoFe204  flower-like  microspheres. 


according  to  the  reaction  CoFe204  +  8Li+  +  8e~  <-► 

Co  +  2Fe  +  4Li20),  excellent  chemical  stability  and  low  cost  [22- 
25].  Despite  of  these  attractive  features,  CoFe204  still  suffers  from 
poor  electrical  conductivity  and  electrode  pulverization  arising 
from  structural  strain  and  large  volume  changes  with  the  lithiation/ 
delithiation  process.  Thus  it  leads  to  poor  electrochemical  perfor¬ 
mance  [26].  To  improve  the  Li  storage  capability,  different  CoFe204 
materials  with  unique  structures  including  nanoparticles  [23,27], 
hollow  nanospheres  [22],  mesoporous  nanospheres  [28],  nanorods 
[29]  and  three-dimensional  ordered  macroporous  structure  [30] 
have  been  produced.  Among  these  works,  the  hollow  and  macro- 
porous  structure  both  showed  a  good  lithium  storage  performance. 
However,  they  were  synthesized  by  a  time-killing  process.  There¬ 
fore,  an  emerging  insight  is  to  further  optimize  the  electrochemical 
performance  with  easier  and  more  energy-efficient  synthesis 
method. 

Recently,  much  attention  has  been  paid  to  biomolecule  assisted 
hydrothermal  synthesis  in  the  preparation  of  various  novel  inor¬ 
ganic  materials.  Because  they  show  special  structures  and  fasci¬ 
nating  self-assembly  functions  which  make  them  templates  of 
unmatched  type  for  the  design  and  synthesis  of  complicated 
structures  [31,32].  Intensive  efforts  have  been  devoted  to  utilizing 
biomolecules’  special  structures  and  strong  assembling  functions  to 


Fig.  2.  SEM  images  (a,  b)  and  TEM  images  (c,  d)  and  HRTEM  image  (e)  and  EDS  spectrum  (f)  of  the  CoFe204  flower-like  microspheres. 
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fabricate  desired  shapes  and  construct  complicated  superstructures 
in  all  of  chemistry,  biology,  and  materials  science  [33].  Ascorbic  acid 
(AA),  a  small  biomolecule,  has  been  used  successfully  to  construct 
complicated  structures  with  different  chemical  compositions, 
including  compound  [34],  metal  oxides  [35,36],  and  metals  [37]. 

In  this  present  work,  the  CoFe204  flower-like  microspheres  were 
synthesized  by  an  AA-assisted  hydrothermal  method.  It  is  un¬ 
doubtedly  interesting  in  understanding  the  self-assembly  of 
nanostructures  and  helpful  to  prepare  functional  materials.  The 
CoFe204  microspheres  as  the  anode  material  for  LIBs,  show  greatly 
enhanced  electrochemical  performance.  This  enhancement  is 
mainly  benefited  from  the  sufficient  contact  of  active  material  and 
electrolyte,  the  short  diffusion  length  of  Li+,  large  surface  area,  the 
good  accommodation  of  the  volume  expansion  of  active  materials. 

2.  Experimental 

2.1.  Synthesis 

In  a  typical  experiment,  1.441  g  FeCl3  •  6H20, 0.634  g  C0CI2  •  6H20, 
1  g  AA  (CeFIgOe)  and  1.2  g  CO(NFl2)2  were  dissolved  into  80  mL 
deionized  water  under  stirring  to  obtain  a  homogeneous  solution. 
The  mixture  was  transferred  into  a  Teflon  autoclave  and  was  heated 
at  160  °C  and  maintained  at  this  temperature  for  6  h  in  an  electric 
oven.  The  precipitate  was  collected  by  centrifugation  and  was  then 
washed  with  ethanol  and  deionized  water  for  several  times,  and 
was  finally  dried  at  80  °C  in  an  oven  overnight.  The  product  was 
further  annealed  at  500  °C  for  4  h  in  air  to  obtain  the  CoFe204 
flower-like  microspheres. 

2.2.  Characterization 

The  as-prepared  samples  were  characterized  by  X-ray  diffrac¬ 
tion  (XRD,  Rigaku  D/max  2550  PC,  Cu  Ka),  scanning  electron  mi¬ 
croscopy  (SEM,  Hitachi  S-4800  and  FESEM,  FEI  Sirion-100), 
transmission  electron  microscopy  (TEM,  JEM  200CX  at  160  kV, 
Tecnai  G2  F30  at  300  kV)  and  X-ray  photoelectron  spectroscopy 
(XPS,  Thermo  ESCALAB  250Xi,  Al  Ka). 

2.3.  Electrochemical  investigation 

The  electrochemical  tests  were  carried  out  using  a  coin-type  half 
cell  (CR  2025)  with  pure  lithium  metal  as  both  the  counter  and 
reference  electrodes  at  room  temperature.  The  slurry  consisted  of  a 
mixture  of  CoFe204  microspheres  (85  wt.%),  acetylene  black 
(10  wt.%),  and  polyvinylidene  fluoride  (PVDF)  (5  wt.%),  was  incor¬ 
porated  on  a  piece  of  Cu  foil  (d  =  1.5  cm).  The  load  weight  of  the 
CoFe204  was  about  2.5  mg.  The  electrolyte  consists  of  1  M  LiPF6  in 
ethylene  carbonate  (EC)— dimethyl  carbonate  (DME)  (1:  1  in  vol¬ 
ume).  The  polypropylene  (PP)  micro-porous  film  (Cellgard  2300) 
was  used  as  a  separator.  The  cells  were  assembled  in  an  argon-filled 
glove  box. 

The  galvanostatic  charge-discharge  cycling  was  performed  at 
various  current  density  between  0.01  and  3.0  V  using  a  LAND 
battery  program-control  test  system  at  room  temperature 
(25  ±  1  °C).  Cyclic  voltammetry  (CV)  was  conducted  on  the  CFII660E 
electrochemical  workstation  at  a  scan  rate  of  0.1  mV  s-1  at  0-3.0  V 
(vs.  Li+/Li).  Electrochemical  impedance  spectroscopy  (EIS)  mea¬ 
surements  were  carried  out  in  the  frequency  range  from  100  kFIz  to 
0.1  Hz. 

3.  Results  and  discussion 

The  cubic  phase  of  CoFe204  flower-like  microspheres  is  obtained 
in  Fig.  1.  The  XRD  pattern  reveals  that  all  the  reflections  can  be  well 


indexed  to  pure  cubic  CoFe204  (JCPDF  card  No.  22-1086).  Due  to  the 
sharp  diffraction  peaks  and  high  intensity  in  the  pattern,  the  as- 
prepared  CoFe204  can  be  indicated  the  good  crystallinity.  The 
morphology  of  the  sample  is  characterized  by  SEM.  In  Fig.  2a,  large 
scale  of  monodisperse  hierarchical  flower-like  microsphere  with  a 
diameter  of  3-4  pm  can  be  observed.  The  as-prepared  CoFe204 
exhibits  microsphere  structure  composed  of  numerous  porous  tiny 
lamellas  and  they  are  inter-connected  (Fig.  2b).  The  TEM  images  in 
Fig.  2c  and  d  further  depict  the  microstructures  of  the  flower-like 
microspheres.  The  HRTEM  examination  of  the  fringe  of  the 
lamella  in  a  microsphere  shown  in  Fig.  2e  reveals  a  distinct  set  of 
visible  lattice  fringes  with  inter-planar  spacing  of  0.48  nm,  corre¬ 
sponding  to  the  (111 )  plane  of  CoFe204.  The  composition  of  CoFe204 
flower-like  microspheres  is  also  supported  by  the  EDS  elemental 
mapping  analysis  (Fig.  2f). 

To  investigate  the  chemical  composition  of  the  CoFe204  flower¬ 
like  microspheres,  the  sample  is  further  characterized  by  XPS  (see 
the  Supporting  Information,  Fig.  SI).  Fig.  SI  a  shows  signals  for  Co, 
Fe,  and  O  as  well  as  the  carbon  reference.  As  shown  in  the  Co  2p 
spectrum  (Fig.  Sib),  a  Co  2p3/2  signal  appears  at  780.3  eV  and  its 
satellite  peak  at  786.6  eV;  while  Co  2pi/2  signal  and  its  satellite  peak 
appear  at  796.8  and  804.5  eV.  As  only  high  spin  Co2+  cations  with 
unpaired  valence  3d  electron  orbitals  can  give  rise  to  much  stronger 
satellite  features  than  low  spin  Co3+,  the  Co  2p  spectrum  indicates 
Co  exists  in  2+  oxidation  state  [26,38].  The  Fe  2p  spectrum  is  shown 
in  Fig.  Sic,  two  peaks  located  at  711.6  and  725.8  eV,  correspond  to 
Fe  2p3/2  and  Fe  2pi/2,  respectively.  The  XPS  results  are  in  good 
agreement  on  the  EDS  result  and  the  published  report  [39],  and 
there  are  no  obvious  broadening  peaks  observed,  indicating  the 
phase-pure  nature  of  the  as-prepared  CoFe204  flower-like  micro¬ 
spheres  [40]. 

Nitrogen  adsorption/desorption  isotherms  are  measured  to 
determine  the  pore  size  distribution  and  specific  surface  area  of  the 
CoFe204  flower-like  microspheres  in  Fig.  3.  The  Brunauer— 
Emmett-Teller  (BET)  surface  area  of  the  CoFe204  flower-like  mi¬ 
crospheres  is  calculated  to  be  51.0  m2  g_1,  which  is  much  higher 
than  that  of  CoFe204  microspheres  (32.3  m2  g-1)  and  irregular 
particles  (15.1  m2  g-1).  The  isotherm  exhibits  a  hysteresis  loop  at 
the  P/Po  ranges  of  0.85-0.95,  indicating  the  presence  of  mesopores. 
The  pore  size  distribution  measurement  reveals  that  CoFe204 
flower-like  microspheres  have  a  dominant  peak  around  14.0  nm 
and  a  broad  peak  at  315.8  nm  (Fig.  3,  inset).  The  mesopores  on  the 


Fig.  3.  Nitrogen  adsorption-desorption  isotherms  of  the  CoFe204  flower-like  micro¬ 
spheres,  CoFe204  microspheres  and  irregular  particles  with  corresponding  BJH 
desorption  pore  size  distributions  (inset)  of  the  CoFe204  flower-like  microspheres. 
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Fig.  4.  SEM  image  (a)  and  TEM  image  (b)  of  CoFe204  irregular  particles  with  0  g  AA;  SEM  image  (c)  and  TEM  image  (d)  of  CoFe204  microspheres  with  2  g  AA. 


CoFe204  microspheres  can  be  attributed  to  the  porous  lamella, 
while  the  broad  peak  indicates  the  void  of  the  constituent  lamellas. 
The  high  porosity  and  relatively  large  specific  surface  area  promote 
Li+  diffusion  and  offer  large  materials/electrolyte  contact  area  [41- 
43]. 

We  study  the  effect  of  amount  of  AA  on  the  structure  of  the 
CoFe204  as  shown  in  Fig.  4.  In  the  absence  of  AA,  only  CoFe204 
irregular  particles  with  diameters  about  50-100  nm  are  formed 
(Fig.  4a  and  b).  When  2  g  AA  is  added  into  the  system,  the  sample  is 
a  large  scale  of  microspheres  with  diameters  of  1-2  pm  (Fig.  4c).  In 
addition,  it  can  be  observed  that  the  CoFe204  microspheres  are  built 
up  of  many  particles  with  sizes  of  30-50  nm.  TEM  analysis  confirms 
a  solid  interior  consisting  of  the  dense  packed  nanoparticle  sub¬ 
units  (Fig.  4d). 

In  order  to  explain  the  formation  mechanism,  we  tested  the 
products  after  the  hydrothermal  reaction  by  XRD  (Fig.  5).  Without 
AA,  only  CoFe204  was  formed  (Fig.  5a)  as  follows  (Eqs.  (4)  and  (5)). 


H2NCONH2  +  H20  -►  2NH3  +  C02 

(i) 

NH3H2O^NH++OH- 

(2) 

C02  +  H20^C0|+  +  2H+ 

(3) 

M  +  xOH“  M(OH)*  (M  =  Fe3+,Co2+) 

(4) 

M(OH)*  -+  CoFe204  +  H20 

(5) 

Fe3++C6H806  -  2Fe2+  +  C6H606+2H+ 

(6) 

N  +  xC01-->N2(C03)x(n  =  Fe2+,  Co2+) 

(7) 

N2(C03)x  +  O2  — ►  CoFe204  +  CO2T 

(8) 

With  addition  of  AA,  by  comparison  with  FeC03  and  C0CO3,  all  the 
diffraction  peaks  could  be  indexed  on  the  basis  of  the  hexagonal 
phase  with  the  space  group  R3c  (no.  167).  In  the  structure,  iron  and 
cobalt  occupy  the  octahedral  sites  randomly,  but  proportionally 
(Fig.  5b).  We  proposed  the  formation  mechanism  for  the  three 
CoFe204  with  different  morphologies  as  described  in  Fig.  6.  The 
reduction  of  Fe  (III)  to  Fe  (II)  is  controlled  by  the  addition  of  AA  as  Eq. 

(6) ,  which  acts  as  the  reducing  agent  by  oxidizing  its  C=C  double 
bond.  With  the  addition  of  AA,  the  pFI  value  decreases  due  to  the 
generated  H+,  then  the  Fe  (II)  and  Co  (II)  carbonate  is  formed  as  Eq. 

(7) .  More  strikingly  AA’s  oxidized  product  (dehydro-ascorbic  acid, 
DHAA)  also  acts  as  a  stabilizer  and  capping  ligand  due  to  the 
chemical  interaction  of  its  carbonyl  groups  [44-46].  The  as- 
produced  Fe  (II)  and  Co  (II)  carbonate  is  prone  to  be  capped  by 
DHAA  formed  in  the  solutions.  The  chemical  interaction  in  the  pre¬ 
sent  system  acts  as  an  “adhesive”  to  facilitate  the  self-assembly  of  Fe 
(II)  and  Co  (II)  carbonate,  which  results  in  the  different  morphologies 
of  the  precursors.  It  is  known  that  the  carbonate  ions  have  planar 
structure  [35].  Then  the  generated  Fe  (II)  and  Co  (II)  carbonate  tends 
to  grow  in  lamellar  structure.  Finally  the  lamellar  structure  self- 
assembles  through  oriented  attachment  mechanism  during  the  hy¬ 
drothermal  process  47].  It  is  understandable  that  the  concentration 
of  the  as-produced  organic  components  in  the  solution  directly  af¬ 
fects  their  self-assembly  state  because  the  interactions  among  them 
strengthen  with  their  increased  concentrations.  In  the  absence  of  AA, 
only  irregular  particles  are  formed.  In  the  solution  with  1  g  AA,  the 
lamellar  structure  assembles  into  flower-like  microspheres.  When 
the  amount  of  AA  was  increased  to  2  g,  DHAA— Fe  (II)  and  DHAA— Co 
(II)  carbonate  assemble  into  the  microspheres  due  to  their  high 
concentration  and  the  strong  interaction  among  them  in  the  solu¬ 
tion.  Consequently,  the  precursors  with  different  assemblies  are 
formed  in  the  solutions  due  to  different  concentrations  of  AA.  After 
annealing  in  air,  Fe  (II)  is  oxidized  to  Fe  (III)  by  oxygen  in  air  as  Eq.  (8), 
and  corresponding  different  morphologies  of  CoFe204,  including 
irregular  particles,  flower-like  microspheres,  microspheres  of  nano¬ 
particles  are  produced. 
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We  investigated  their  ability  to  reversibly  insert/release  Li+  of 
CoFe204  flower-like  microspheres  as  an  anode  in  LIBs.  Fig.  7a  shows 
the  CV  curves  of  CoFe204  flower-like  microspheres  for  the  first 
three  cycles  in  the  potential  range  from  0  to  3.0  V  (vs.  Li/Li+)  at  a 
scan  rate  of  0.1  mV  s-1.  There  is  a  big  difference  in  the  CV  profiles 
between  the  first  discharge  process  and  the  subsequent  cycles.  In 


the  first  cycle,  a  sharp  reduction  peak  appears  at  0.44  V,  which 
disappears  and  becomes  two  peaks  in  the  subsequent  cycles.  The 
sharp  reduction  peak  observed  in  the  first  cathodic  scan  is  attrib¬ 
uted  to  the  reduction  of  Fe3+  and  Co2+  to  their  metallic  states,  the 
formation  of  U2O  and  the  irreversible  reaction  with  electrolyte  to 
form  a  solid  electrolyte  interphase  (SEI)  film.  In  the  second  scan, 
two  cathodic  peaks  appearing  at  0.83  V  and  1.45  V  can  be  attributed 
to  the  reduction  of  Fe3+  and  Co2+  to  metallic  Fe°  and  Co0,  respec¬ 
tively  [22].  The  anodic  peak  at  1.75  V  is  observed  at  the  first  cycle, 
corresponding  to  the  reversible  oxidation  of  the  Fe°  and  Co0  to  Fe3+ 
and  Co2+,  respectively,  which  slightly  shifts  to  a  little  higher  po¬ 
tential  [22,30,48].  The  decrease  of  the  individual  peak  intensities 
and  integrated  areas  between  the  first  cycle  and  the  subsequent 
scans  implies  the  irreversible  capacity  loss  in  the  initial  lithiation- 
delithiation  process  [22,49,50].  However,  the  integrated  area  and 
peak  intensity  during  the  cathodic  and  anodic  process  don’t 
decrease  almost  in  the  subsequent  scans,  indicating  the  good  ca¬ 
pacity  retention  of  the  CoFe204  flower-like  microsphere  electrode. 
Fig.  7b  shows  the  galvanostatic  charge-discharge  curve  for  the 
CoFe204  flower-like  microspheres  between  0.01  and  3.0  V  at  a 
current  density  of  200  mA  g_1.  Discharge  curve  in  the  first  cycle 
consists  of  a  sharp  slope  in  the  initial  stage  of  the  curve,  a  flat 
voltage  plateau  at  about  0.80  V,  and  a  long  slope  until  0.01  V.  When 
discharged  to  0.01  V,  the  initial  discharge  capacity  of  the  CoFe204 
flower-like  microsphere  electrode  is  1179.0  mAh  g-1,  which  is 
larger  than  theoretic  capacity.  It  comes  from  the  formation  of  SEI 
film  and  possibly  interfacial  Li+  storage  during  the  first  discharge 
process  [12,51-52].  The  second  discharge  curve  is  different  from 
the  first,  suggesting  drastic,  Li+-driven,  structural  or  textural 
modifications  [12,41,53].  This  charge-discharge  curve  is  in  agree¬ 
ment  with  the  result  found  in  CV  measurements.  Fig.  7c  shows  the 
cyclability  of  the  CoFe204  flower-like  microspheres,  CoFe204  mi¬ 
crospheres  and  irregular  particles  at  a  current  density  of  200  mA 
g-1.  The  specific  reversible  capacity  of  CoFe204  flower-like  micro¬ 
spheres  after  50  cycles  is  733.5  mAh  g  \  much  higher  than  those  of 
CoFe204  microspheres  (616.7  mAh  g_1)  and  irregular  particles 
(427.5  mAh  g-1).  In  addition,  the  CoFe204  flower-like  microspheres 
exhibit  better  capacity  retention.  After  50  cycles,  the  CoFe204 
flower-like  microspheres  could  sustain  77.9%  capacity  of  the  2nd 
cycle,  compared  with  65.4%  for  the  CoFe204  microspheres  and 
43.6%  for  the  CoFe204  irregular  particles,  which  is  attributed  to  its 
hierarchical  flower-like  microsphere  structure  with  the  large  spe¬ 
cific  surface  area  to  facilitate  the  Li  ion  and  electron  transportation. 
And  the  flower-like  microspheres  could  also  buffer  the  volume 
expansion.  The  cycling  response  at  different  current  density  is  also 
investigated  (Fig.  7d).  When  the  current  densities  increase  from 
100  mA  g_1  to  2000  mA  g-1,  a  gradual  attenuation  of  the  discharge 
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Fig.  6.  Schematic  diagram  of  the  formation  of  the  three  CoFe204  samples  with  different  morphologies. 
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Fig.  7.  (a)  CV  curves  of  CoFe204  flower-like  microspheres  for  the  first  three  cycles  at  a  scan  rate  of  0.1  mV  s-1  in  the  potential  range  of  0-3.0  V  (versus  Li/Li+);  (b)  charge-discharge 
profiles  of  CoFe204  flower-like  microspheres  between  0.01  and  3.0  V  at  a  current  density  of  200  mA  g-1;  (c)  Cycling  performance  of  the  CoFe204  flower-like  microspheres,  CoFe204 
microspheres  and  irregular  particles  electrodes  at  a  current  density  of  200  mA  g-1;  (d)  Rate  performance  of  the  CoFe204  flower-like  microspheres,  CoFe204  microspheres  and 
irregular  particles  electrodes  at  current  density  of  100  mA  g_1-2000  mA  g-1. 


capacities  for  the  three  electrodes  is  observed,  which  may  indicate 
that  the  electrode  reaction  is  controlled  by  the  diffusion  kinetics 
process  [53].  However,  discharge  capacity  of  744.1  mAh  g  1  is  still 
maintained  for  the  CoFe204  flower-like  microspheres  at  a  current 
density  of  1000  mA  g-1.  Those  of  the  CoFe204  microspheres  and 
CoFe204  irregular  particles  drop  dramatically  to  only  717.0  mAh  g_1 
and  564.3  mAh  g  \  respectively.  It  should  be  noted  that  when  the 
current  rate  is  decreased  to  200  mA  g1,  a  high  discharge  capacity  of 
790.5  mAh  g_1  can  be  regained,  indicating  the  good  reversibility  of 
the  CoFe204  flower-like  microspheres.  To  the  best  of  our  knowl¬ 
edge,  CoFe204  synthesized  in  this  experiment  without  any  modi¬ 
fication  by  other  conductive  materials  shows  better 
electrochemical  performance  than  those  in  the  published  works 
[28,30,54].  The  enhanced  cycling  performance  and  rate  capability 
can  be  attributed  to  a  more  efficient  transportation  of  Li  ion  and 
facile  penetration  of  electrolyte  in  the  LIBs. 

The  EIS  test  was  carried  out  to  further  understand  the  advantage 
of  the  CoFe204  flower-like  microsphere  electrode.  Fig.  8  shows  the 
Nyquist  plots  of  the  CoFe204  flower-like  microspheres,  CoFe204 
microspheres  and  irregular  particles  electrodes  after  10  cycles  at  a 
current  density  of  200  mA  g_1  at  the  fully  charged  state.  They  have 
the  same  shapes  of  Nyquist  plots,  composed  of  a  depressed  semi¬ 
circle  where  a  high-frequency  semicircle  and  a  medium-frequency 
semicircle  overlap  each  other  and  a  long  low-frequency  subsequent 
45°  line  [55].  In  this  experiment,  a  modified  two-parallel  diffusion 
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Fig.  8.  Nyquist  plots  of  the  CoFe204  flower-like  microspheres,  CoFe204  microspheres 
and  irregular  particles  electrodes  after  10  cycles  in  the  frequency  range  from  100  kHz 
to  10  mHz.  The  inset  is  the  equivalent  circuit. 
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path  model  is  used  to  analyze  the  impedance  data,  and  the  corre¬ 
sponding  equivalent  circuit  is  shown  in  inset,  where  Rei  indicates 
the  solution  impedance  of  cell;  Rs\(i)  and  Csi(i)  stand  for  the 
impedance  of  Li+  diffusion  and  capacity  in  the  surface-passivating 
layer,  respectively;  Rct{i)  and  Cdi(i)  designate  the  charge  transfer 
impedance  and  double-layer  capacitance  at  the  electrode/electro¬ 
lyte  interface,  respectively;  and  ZW(Q  represents  the  diffusion- 
controlled  Warburg  impedance  (z  =  1,  2)  [55,56].  The  continuous 
lines  represent  the  fitted  spectra  while  the  symbols  are  the 
experimental  data.  For  the  CoFe204  flower-like  microsphere  elec¬ 
trode,  the  diameter  of  the  semicircle,  reflecting  the  Rc t,  is  obviously 
the  smallest.  This  result  as  we  expected  indicates  that  the  flower¬ 
like  microsphere  electrode  has  a  good  electronic  wetting  between 
active  materials  and  thus  a  rapid  charge  transfer  reaction  during 
the  Li  insertion  and  extraction  11].  The  curve  fitting  further  con¬ 
firms  the  assumption.  It  exhibits  that  the  impedance  of  Rct  is  23.2  Cl 
for  the  CoFe204  irregular  particles,  22.1  Q  for  the  CoFe204  micro¬ 
sphere,  whereas  it  is  18.9  Q  for  the  CoFe204  flower-like  microsphere 
electrode. 

4.  Conclusions 

In  summary,  we  report  a  controlled  AA-assisted  hydrothermal 
process  and  subsequent  annealing  at  500  °C  for  4  h  in  air  to 
fabricate  CoFe204  flower-like  microspheres  in  large  scale.  The 
CoFe204  flower-like  microspheres  show  high  discharge  capacity, 
good  cycle  performance  (733.5  mAh  g-1  at  a  current  density  of 
200  mA  g_1  after  50  cycles),  and  enhanced  rate  capability,  making  it 
one  of  the  most  promising  anode  materials  for  high-performance 
LIBs.  The  enhanced  electrochemical  performance  can  be  attrib¬ 
uted  to  the  hierarchical  flower-like  structure,  which  has  the  high 
interfacial  contact  area  and  good  accommodation  of  volume 
change. 
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